). To elucidate the IRF4-AP1 interaction, we examined whether IRF4 GAAA/TTTC core motifs were associated with AP1 sites, and within IRF4 ChIP-Seq peaks, we found enrichment of these motifs adjacent to or five base pairs away (four intervening base pairs) from AP1 sites ( Fig. 1g and Supplementary Fig. 3 ), in contrast to their overall random distribution ( Fig. 1g , blue line), indicating binding cooperativity for AP1 and IRF4. We denote these AP1-IRF4 composite elements as AICEs. Of 14,838 IRF4 ChIP-Seq peaks, 5,304 bound within genes annotated by RefSeq (Fig. 2a ), and analysis of our published Affymetrix array data sets 14 revealed that 2,356 of these genes were regulated by IL-21 at 1, 6 or 24 h (Fig. 2b ). RNA-Seq analysis revealed markedly lower expression of some of these genes, including Prdm1 and Il10, in IL-21-stimulated Irf4 2/2 than in wild-type T cells ( Fig. 2c ), underscoring the importance of IRF4 for their expression. To characterize the IRF4-binding complex in T cells, we analysed ChIP-Seq libraries from T H 17-differentiated cells and IL-21-stimulated preactivated T cells, focusing on JUN family proteins and BATF, which can heterodimerize with JUN proteins to bind to AP1 motifs and is critical for T H 17 differentiation 15-17 , a process promoted by IL-21 [18] [19] [20] . In T H 17 cells, approximately 54% (11,693 out of 21,775) of the IRF4 binding sites overlapped with BATF binding sites, and approximately 65% of the BATF sites overlapped with IRF4, indicating substantial co-localization of these factors (Fig. 2d ). As expected, the dominant binding motif for BATF was an AP1 motif (59-TGA[G/C]TCA-39) ( Supplementary Fig. 4 ), and IRF4, BATF and JUN family proteins co-localized by ChIP-Seq ( Fig. 2d and Supplementary Fig. 5a, b ). The specificity of these data was indicated by essentially absent ChIP-Seq peaks in the IgG control as well as with anti-IRF4 in Irf4 2/2 cells or anti-BATF in Batf 2/2 cells ( Fig. 2e ). ChIP-Seq peaks for STAT3 also globally co-localized with IRF4 ( Supplementary Fig. 5c ), including at the Prdm1 region previously studied 14 and in the Il21 promoter and Il17a 39 region ( Fig. 2e) . Interestingly, approximately 50% of genes (1,167 out of 2,356) with co-localization of these transcription factors in T H 17 cells were also induced by IL-21 in activated CD4 1 T cells. STAT3 binds to GAS motifs rather than AP1 motifs, but its co-localization at AP1 motifs might be explained by the ability of STAT3 to physically associate with JUN 21 .
To investigate potential cooperative binding between IRF4 and AP1 complexes, we identified strong IRF4 binding sites containing a 59-GAAA-39 motif adjacent to or 5 bp away from the AP1 motif (a preferred spacing in Fig. 1g ; Supplementary Table 1 lists genes with these sites). We selected sites in the Il10, Ikzf2 (which encodes Helios) and Ctla4 genes and confirmed co-localization of IRF4, STAT3, BATF and JUN by ChIP-Seq (Fig. 2f ). The Il10 gene, which is expressed in IL-21-stimulated CD4 1 T cells, CD8 1 T cells and polarized T H 17 cells 22, 23 , contained two IRF4 binding sites with associated AP1 motifs ( Fig. 2f ). We performed electrophoretic mobility shift assays (EMSAs) with T H 17 nuclear extracts and a probe corresponding to the conserved noncoding sequence, CNS9, located approximately 9.1 kilobases 59 of the Il10 transcription start site ( Fig. 3a, Il10 peak 1) , which is known to be an Il10 regulatory element 24 
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reduced when the 59-GAAA-39 motif was mutated and abolished when the AP1 motif was mutated (Fig. 3b ). Supershifting with antibodies revealed that IRF4, JUNB, JUND and BATF were components of the complex (Fig. 3c ); these factors also bound to Il10 peak 2 and Ikzf2 probes ( Fig. 3c ). As expected, no shift was seen when nuclear extracts were omitted ( Supplementary Fig. 6 ). Antibodies to FOS and FRA2 had a minor effect on the Il10 peak 1 and no effect on the Il10 peak 2 and Ikzf2 complexes (Fig. 3c) . In contrast, an AP1 consensus probe complex was not supershifted by anti-IRF4 but was supershifted by antibodies against BATF, FOS and FRA2 (Fig. 3c ). We next studied binding to the Il10 peak 1 IRF4 motif in B cells, T H 2 cells and T H 9 cells, which all express Il10. B-cell nuclear extracts formed a complex supershifted by antibodies against IRF4, BATF and JUNB, but not PU.1 (Supplementary Fig. 7a ), even though anti-PU.1 antibody supershifted a complex formed with an EICE probe from the immunoglobulin l light chain enhancer ( Supplementary Fig. 7b ). Thus, EICEs were the most common IRF4containing complexes in B cells (Fig. 1 a, b) , but IRF4/AP1 AICEs also formed in these cells (Fig. 1b) . Although T H 2 and T H 9 polarized cells were reported to express PU.1 protein 25, 26 , RNA-Seq analysis showed little PU.1 messenger RNA in these cells (Fig. 1f) , and EMSAs showed IRF4-BATF-JUNB interactions but no PU.1-binding activity ( Supplementary Fig. 7c ). To determine whether IRF4 and BATF-JUN proteins cooperatively bound to DNA, we used nuclear extracts from 293T cells transfected with various combinations of IRF4, BATF and JUNB or JUND and performed EMSAs with Il10, Ctla4 and Ikzf2 probes. Little if any binding activity was observed with extracts from 293T cells expressing IRF4, JUND or BATF alone, certain pairwise combinations showed some binding, but strong binding was seen with extracts containing all three proteins, indicating cooperative binding to these sites (Fig. 3d, left) ; this was also observed when JUNB was substituted for JUND ( Fig. 3d, right) . Cooperative binding was indicated by slower mobility, particularly of the Il10 peak 1 probe (Fig. 3d) . Although mobility changes for other probes were less evident, even on 4% or 7% gels (not shown), supershifting experiments confirmed that IRF4, JUND and BATF were present in complexes formed with each probe (Fig. 3e) .
To examine the functional significance of the Il10 IRF4 motif, we first analysed Il10 mRNA expression in Irf4 2/2 T cells and found much lower Il10 mRNA in response to IL-21, anti-CD3 1 anti-CD28, or IL-21 1 anti-CD3 1 anti-CD28 than was observed in wild-type cells (P , 0.02 at both time points; Fig. 4a ). Correspondingly, Il10 luciferase reporter activity was potently induced by IL-21 or anti-CD3 1 anti-CD28, and more so by IL-21 1 anti-CD3 1 anti-CD28, but expression was diminished when the GAAA IRF4 motif or associated AP1 site was mutated (P , 0.02; Fig. 4b ). Moreover, IRF4, JUNB, JUND and BATF Anti-CD3 + anti-CD28 IL-21 + anti-CD3 + anti-CD28
IgG
Anti-IRF4 WT -IL-21
Anti-IRF4 WT +IL-21
Anti-IRF4 Batf -/-+IL-21
Anti-BATF WT +IL-21
Anti-BATF Irf4 -/-+IL-21
Anti-pan-JUN WT +IL-21
Anti-pan-JUN Irf4 -/-+IL-21
Anti-IRF4 Irf4 -/-+IL-21
Anti-BATF Batf -/-+IL-21
Anti-BATF Batf -/-+IL-21 
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each bound to a wild-type probe spanning this region, but binding was diminished when Irf4 2/2 nuclear extracts were used (Fig. 4c ). Moreover, in ChIP-Seq experiments, there was markedly decreased binding of IRF4 in Batf 2/2 T cells and of BATF and JUN in Irf4 2/2 T cells ( Fig. 4d ) at the Il10 locus but also globally ( Fig. 4e) , including for example at the Il17a gene ( Fig. 4f) , consistent with defective Il17a expression and T H 17 differentiation in Irf4 2/213 and Batf 2/215 T cells.
These results indicate cooperative binding and transcriptional activation by IRF4 and BATF-JUN family proteins. IRF4 is a pleiotropic IRF family transcription factor with broad immunological actions. Its critical role in regulating immunoglobulin genes involves functional cooperation with the largely B-cell-restricted factor PU.1. We now demonstrate that in T cells, where PU.1 expression is low, IRF4 instead functionally cooperates with AP1 family proteins to act via AICEs, with functional cooperation with BATF and JUN family proteins in pre-activated T cells stimulated with IL-21 as well as in T H 2, T H 9 and T H 17 polarized cells. Interestingly, a number of genes we selected for analysis (Il10, Ctla4, Il17a, Prdm1 and Ikzf2) were functionally grouped in a study of T H 2 inhibitory effector cells during chronic inflammation as preferentially expressed in IL-10 1 versus IL-10 2 cells 27 ; it will be interesting to determine whether IRF4/AP1-dependent gene expression helps to explain these observations. Although IRF4 and BATF cooperatively bound in the context of AICEs, it was unclear if they associated in the absence of these sites. In T cells, we could co-precipitate BATF and JUN ( Supplementary Fig. 8 ), but we only co-precipitated IRF4 and JUN in a single experiment and could not co-precipitate BATF and IRF4. Thus, if a direct interaction occurs, it may be relatively weak, but the marked decrease of BATF binding in Irf4 2/2 and of IRF4 in Batf 2/2 cells ( Fig. 4) indicates cooperative binding to AICEs. This binding is dependent on the BATF leucine zipper domain 28 . The ability of IRF4 to act via two types of complexes, PU.1-IRF4 EICEs in B cells and AP1-IRF4 AICEs in T cells and to some degree in B cells, highlights mechanisms for IRF4-mediated transcriptional activation. The identification of the IRF4-AP1 connection suggests new approaches may be employed to selectively target certain actions of IRF4, potentially allowing ways to manipulate the immune response in a cell-type-restricted fashion.
METHODS SUMMARY
T and B cells were cultured in standard medium. Cells were pre-activated with anti-CD3 1 anti-CD28 for 3 days, rested overnight and stimulated with IL-21 for 1 h (ChIP-Seq) or 4 h (EMSAs). T H 17 polarization was performed by standard methods and unlike CD4 1 T cells, T H 17 polarized cells were not stimulated with IL-21. WT, Batf 2/2 and Irf4 2/2 mice were 6-8 weeks old C57BL/6 background mice of mixed gender. All experiments with mice were performed under protocols approved by the NHLBI Animal Care and Use Committee, and followed NIH guidelines for use of animals in intramural research. ChIP-Seq 14, 29 and RNA-Seq 30 experiments were performed as previously described. ChIP-Seq and RNA-Seq libraries are summarized in Supplementary Table 2 ; details of binding site identification and motif analysis are in the online methods. For reporter assays, activated T cells were electroporated with reporter plasmid and pRLTK, and dual luciferase assays performed. For EMSAs, nuclear extracts 14 were bound to 32 Plabelled probes. For supershifts, extracts were pre-incubated with indicated antibodies, before analysis on 5% polyacrylamide gels.
